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Introduction 30 31
Within the Wind Engineering community, increasing attention is being paid to the effects of non-32 stationary, non-synoptic winds, i.e. tornadoes. The structure of full-scale tornadoes is highly In order to provide this type of datasets, the tornado-like flow field was modelled experimentally 39 Thus, , and represent the radial, vertical and circumferential components of velocity. For 80 the sake of simplicity the flow is considered to be incompressible for all models and a density of 81 air of = 1.21kg/m 3 is assumed for all calculations. In this section, a brief description of the 82 different vortex models examined in this paper is provided, together with the underlying 83 assumptions.
85
Using the aforementioned notation, the continuity equation (Eq. 1) and radial (Eq. 2), 86 circumferential (Eq. 3) and vertical (Eq. 4) components of the Navier-Stokes-Equations (NSE) can 87 be expressed as: 
These assumptions reduce the NSE to the cyclostrophic equation (Eq. 5). The Rankine model also assumes that the flow consists of two separate flow regions. In the first 126 region, the core region (i.e., r < R, where R is the core radius, which is defined as the radial distance 127 from the vortex centre at which the circumferential velocity component is maximal), the flow is 128 assumed to have a constant vorticity and is considered to be similar to that of a solid body. In the 129 second region, (r > R) it is assumed that the flow can be described by a potential flow field
130
(incompressible, inviscid and irrotational) (Alekseenko et al., 2007) and is inversely proportional 131 to the radial distance. These assumptions enable the circumferential velocity component to be where ̅̅̅ is the normalised circumferential velocity component (= / , , where , is 137 the maximum value of ) and ̅ is the radial distance normalised by the core radius, R. In equation 6, a discontinuity occurs at ̅ = 1. In order to avoid this, the model is occasionally modified as ̅̅̅̅̅̅̅̅ is the static pressure at the vortex centre.
152
Burgers-Rott vortex model
154
The Burgers-Rott model has been adopted by a number of authors (e.  The flow field is steady state, i.e., terms R1, C1 and Z1 are taken as zero.
160
 The viscosity is considered to be constant throughout the entire flow field.
161
 Body forces can be neglected, i.e., ( ⃗=0).
162
 The circumferential velocity component is assumed to be solely dependent on the radial
163 distance ( = ( )).
 The vertical velocity component is assumed to be solely and linearly dependent on the
165
vertical distance ( = ( ) and ∝ ).
166
 As a result of the last two assumptions, the radial velocity component is solely and linearly
167 dependent on the radial distance ( = ( ) and ∝ ).
168
 The static pressure is assumed to be solely dependent on radial and vertical distances ( = 169 ( , )).
171
The above assumptions reduce equations (1 -4) to the following simplified versions: 
200 201
Using equations (8) and (9), and solving the simplified NSE in the circumferential direction (Eq. 
207
It is perhaps worth noting that ̅̅̅ and ̅̅̅ increase to infinity as ̅ → ∞ and ̅ → ∞, respectively, 208 which, it is suggested, may not be representative of a tornado-like flow structure.
210
The pressure distribution of the Burgers-Rott vortex model can be obtained by solving the 211 simplified NSE (Eq. 2* and Eq. 4*) using the model velocities (Eq. 8, Eq. 9, and Eq. 10). This 212 leads to the following equation for the normalised pressure distribution (Eq. 11).
213 214 on the radial distance ( = ( )).
230
 The static pressure is assumed to be solely dependent on radial and vertical distances ( =
231
( , )).
233
The above assumptions reduce the continuity equation (1) vortices to be generated, the Sullivan model potentially enables solutions for single and two-celled 242 vortices to be obtained; this is obtained via the use of a shape parameter, b (Eq. 12 and Eq. 13).
243
The effect of this parameter on the tornado-like flow field will be discussed in detail in section 2.7.
244
Unless stated otherwise, b = 3. The required vortex stretching is generated by suction at relatively 
250 251
Following the procedure described for the Burgers-Rott vortex model, expressions for ̅̅̅ (Eq. 13) 252 and ̅̅̅ (Eq. 14) can be obtained. It is perhaps worth noting, that for ̅ = 0 and ̅ → ∞ the magnitude of ̅̅̅ increases to infinity.
260
Furthermore, also ̅̅̅ increases to infinity for ̅ → ∞ (Eq. 13). Similar to the Burgers-Rott model,
261
it is suggested that this behaviour may be physically unrealistic in a tornado-like structure.
263
The 
409
The effect of on the circumferential velocity component with height is shown in Figure 3 . For
410
relatively small vertical distances from the surface, ̅̅̅ increases at a slower rate the larger is.
411
With increasing vertical distance, this behaviour reverses and ̅̅̅ increases faster with height as 412 increases ( Figure 3) . Furthermore, figure 3 shows that independent from , ̅̅̅ increases to infinity 
425
Another parameter that influences the shape of the circumferential velocity profile is the swirl The entire pressure distribution of the Burgers-Rott and Sullivan vortex models, depend on the 505 contribution of the circumferential, radial and vertical velocity (Eq. 11 and Eq. 15), and therefore 506 is dependent on the 'viscosity' parameter. Also shown in Figure 8 , is the effect of ν on the pressure 507 distribution. The decrease in surface pressure with increasing radial distance originates from a 508 combination of the vertical updraft and the potentially unrealistic increase in radial velocity, i.e., 
521
In order to enable a meaningful comparison of the surface pressure distributions, the 'viscosity' 
549
The static 'surface pressure' distribution and the effect of the swirl ratio on the shape of the 
566
The effect of the radial velocity profile on the 'surface pressure' is, not surprisingly, largest at the 567 core radius (RBaker) since this is where the radial velocity is maximum for γ = 2. When this term is 
Experimental methodology 580 581
In this section, the experimental methodology is presented, which was used to assess the ability 582 (or otherwise) of the introduced vortex models to simulate flow and pressure characteristics 583 obtained in a physical tornado-like vortex simulator.
585
Tornado-like vortex simulator 586 587
For this analysis, the University of Birmingham (UoB) tornado-like vortex generator (3m× 3m),
588
which is based on the design by Ward (1972) , is used ( Figure 11 ). The generator consists of two 
599
The kinematic and dynamic similarity of the generated vortex is controlled by the Reynolds 600 number, Re, (Eq. 22) and the swirl ratio, S, (Eq. 23). Here, is the flow rate through the simulator and is the kinematic viscosity of air. The guide 607 vane angle, α, is the angle relative to the radial velocity component (Figure 11 ).
609
Measurement setup and data quality 610 611
Point velocity measurements were made with 100Hz using a Cobra Probe, which was mounted to 612 a two-axis traverse system inside the simulator. This traverse system enabled the probe to be compromise between data quality and quantity.
627
The pressure distribution is measured with 100Hz on the ground plane along two perpendicular 
Statistical uncertainty 637 638
The statistical uncertainty is a measure of uncertainty of the time average with respect to the 639 unsteadiness of the flow or surface pressure field. Therefore, it is highly important to verify that (Table 2) . 
658
Repeatability 677 678
The repeatability is the degree to which repeated measurements under unchanged boundary 
688
The standard deviation (STD) of the corresponding distributions was chosen as a representative 689 measure to evaluate the repeatability, which is shown in (Table 3) . No significant dependence on the radial distance was found for the repeatability 698 of surface pressure measurements for S = 0.69 and all velocity measurements. Consequently, a 699 uniform measurement repeatability independent from r is used for those cases (Table 3) . The low repeatability close to the vortex centre for S = 0.14 and S = 0.30 is not too surprising as 704 the statistical uncertainty found at those positions (Table 2) is limiting the repeatability. Therefore, 
701
Experimental uncertainty 724 725
The associated experimental uncertainty of velocity and surface pressure measurements, which is 
Comparison
732
In this section, flow field and surface pressure data for three different swirl ratios (S = 0.14, S = 
742
However, for the analysis presented in figure 14b , the actual 'viscosity' value is not that crucial 743 because the focus of this analysis lies rather on the flow structure than on the actual velocity 744 magnitude, which is affected by the 'viscosity'. where N is the number of measurement heights.
762
A further degree of normalisation is undertaken to aid visual comparisons, i.e., each height (radial 
782
(z/Raverage) max = 5.58, 7.27 and 1.97, respectively.
784
In general, experimentally obtained flow characteristics reveal much more complex flow patterns Contrary to what may be expected, Figure 14a1 , shows a radial outflow from the vortex centre. inferred, however, firm conclusions as to why this may be the case cannot, at present, be drawn.
804
With increasing swirl ratio (S = 0.69), a downdraft is detected close to the centre of the simulator
805
( Figure 14a3 ). This flow structure is expected for a two-celled vortex (see Sullivan vortex model, 806 Figure 14c3 ). However, the downdraft is directed slightly towards the simulator's centre which Experimentally obtained results for ̅̅̅ (Figure 15) show that for all swirl ratios, the overall 820 maxima of ̅̅̅ occurs at the lowest measurement height (z=0.01m, Figure 15 ). The distribution of 821 circumferential velocity components at greater heights is relatively uniform and differences lie For S = 0.14, the radial outflow inside the vortex core suggests the structure of a (limited height) 868 two-celled vortex. Thus, in general, the height averaged structure of ̅̅̅ appears to be reasonably 
957
To avoid an unphysical decrease in surface pressure with increasing radial distance, the 'viscosity' increase with increasing radial distance (Figure 18 ).
962
The largest differences in the surface pressure distribution of the vortex models is found close to 963 the vortex centre, whereas largest differences in the experimental surface pressure data for the 
Conclusion
997
Based on this analysis, the following main conclusions can be drawn:
